Neointimal hyperplasia is a critical component of restenosis, a major complication of angioplasty and related therapeutic procedures. We studied the effects of hyperlipidemia and the nonsteroidal anti-inflammatory drugs, aspirin (acetyl-salicylic acid; ASA), and sulindac, on neointimal formation in a mouse femoral arterial injury model. At 2 months of age, normolipidemic, wild-type (WT), and hyperlipidemic, apolipoprotein E-deficient (apoE؊͞؊) mice were divided into three treatment groups: Western-type diet (WD), WD ؉ ASA (200 mg͞kg food), and WD ؉ sulindac (300 mg͞kg food). After 1 week, mice underwent arterial injury and treatments were maintained for 4 weeks. Histomorphometry of the injured arteries showed striking effects of plasma cholesterol levels and drug treatment on neointimal hyperplasia. In the WD or WD ؉ ASA groups, apoE؊͞؊ mice had twice the neointimal area than WT mice (Ϸ30,000 vs. 13,000 m 2 per section; P < 0.0001). Compared with ASA or WD alone, sulindac treatment resulted in Ϸ70% (P ‫؍‬ 0.0001) and 50% (P ‫؍‬ 0.01) reductions in the neointimal area in apoE؊͞؊ and WT mice, respectively. ASA, at a dose sufficient to inhibit platelet aggregation, did not affect neointimal formation in mice of either genotype. Evidence of macrophages was noted in the lesions of apoE؊͞؊ mice in the WD and WD ؉ ASA groups, but remarkably, none was detectable with sulindac treatment, despite hyperlipidemia, suggesting early steps in the response to injury were abrogated. These results demonstrate sulindac reduces neointimal formation in both normolipidemic and hyperlipidemic settings and raise the possibility that similar benefits may be obtained in patients undergoing angioplasty and related procedures.
T
he incidence of restenosis after percutaneous revascularization techniques has remained high, ranging from 25% to 50% despite the introduction of stents and treatment with aspirin (acetyl-salicylic acid; ASA) and related antiplatelet compounds or anticoagulants (1, 2) . Neointimal formation is a prominent feature of restenosis and involves the proliferation and migration of vascular smooth muscle cells (SMCs) and their elaboration of extracellular matrix after arterial injury (3) (4) (5) .
Sulindac is a nonsteroidal anti-inflammatory drug (NSAID) that has antiproliferative and proapoptotic effects in vitro and in vivo. Notably, it has been shown to induce regression of colon polyps in patients with familial adenomatous polyposis and is used as a cancer chemopreventive agent for that disorder (6, 7) . Given the response to arterial injury involves a rapid expansion of cell mass, we reasoned that if sulindac had similar effects in the vessel wall, it would limit neointimal formation after injury. To test this hypothesis, we used a mouse model of arterial injury reported recently (8) .
Because the majority of patients who undergo angioplasty and related procedures have a history of hyperlipidemia (4, 9) , our studies were performed in hyperlipidemic, apolipoprotein E-deficient (apoEϪ͞Ϫ) mice, a widely used model of human atherosclerosis (10) . ApoEϪ͞Ϫ mice were pretreated for 1 week with Western-type diets (WD) containing either sulindac, ASA, or neither, and then subjected to transluminal femoral artery injury and maintained on their treatment regimens until they were killed 4 weeks later. A similar study was performed in normolipidemic [wild-type (WT)] mice. In both hyperlipidemic and normolipidemic mice, treatment with sulindac, but not ASA, resulted in a significant reduction in neointimal formation after injury. These results raise the exciting possibility that sulindac may be beneficial clinically as a therapeutic agent for the adverse consequences of percutaneous arterial interventions.
Materials and Methods
Animals and Injury Technique. Male and female C57BL͞6 mice, 12-14 weeks of age (weight ϭ 33 Ϯ 4 g) with apoEϪ͞Ϫ (11, 12) or WT genotypes, were used. Breeding pairs of each genotype were purchased from The Jackson Laboratory. The colonies were expanded and studied at Mount Sinai School of Medicine, New York. All procedures were approved by the Institutional Animal Care and Use Committee, consistent with the Guide for the Care and Use of Laboratory Animals.
Mice underwent bilateral femoral artery endothelial denudation by passage of a 0.25-mm diameter angioplasty guidewire (Advanced Cardiovascular Systems, Temecula, CA). The wire was inserted into the femoral artery just distal to the inferior epigastric artery, and advanced and pulled back three times (8) . At the time of arterial injury, the apoEϪ͞Ϫ mice had not developed atherosclerotic lesions in the femoral artery (13) .
Study Design. Mice were maintained on a normal chow diet (11% wt͞wt fat; PMI Nutrition International, Richmond, IN) until 1 week before injury, and then allocated to three different regimens: (i) WD, a diet containing 21% wt͞wt fat (polyunsaturated͞saturated ratio, 0.07), and 0.15% wt͞wt cholesterol (Harlan Teklad, Madison, WI); (ii) WD containing ASA (WD ϩ ASA; 200 mg͞kg food; Sigma); or (iii) WD containing sulindac (WD ϩ sulindac; sulindac sulfoxide; 300 mg͞kg food; Sigma). The doses of ASA and sulindac were based on published studies in mice and rats (14, 15) . ASA, commonly tried to prevent restenosis clinically, was used as a control for general NSAID effects.
After injury, mice were maintained on their treatment regiAbbreviations: apoEϪ͞Ϫ, apolipoprotein E-deficient; ASA, acetyl-salicylic acid (aspirin); COX, cyclooxygenase; I͞M, intima-to-media; NSAID, nonsteroidal anti-inflammatory drug; SMC, smooth muscle cell; WD, Western-type diet; WT, wild type; MOMA-2, rat anti-mouse macrophages-monocytes.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (16) . Representative sections were stained for markers of macrophages [rat anti-mouse macrophages-monocytes (MOMA-2); Serotec; 2 g͞ml]; SMC (alkaline phosphatase-conjugated monoclonal anti-smooth muscle actin; 1:100; Sigma); and proliferation (Ki-67; rabbit polyclonal; NovoCastra, Newcastle, U.K.; 1:1,000). Sections were deparaffinized, blocked with 3% hydrogen peroxide, treated with 2% ovalbumin in PBS, and incubated with primary antibodies at 37°C for 2 h. Binding of the primary antibody was detected by using a biotinylated IgG (rat anti-mouse or goat anti-rabbit; 1:500; Vector Laboratories). After washing, sections were incubated with horseradish peroxidase-conjugated streptavidin for 30 min, developed with 3,3Ј-diaminobenzidine, and counterstained with hematoxylin. Negative controls were prepared by substitution of preimmune serum for the primary antibody. To assess apoptosis, sections were stained by using a modified terminal deoxynucleotidyltransferase-mediated UTP nick end labeling protocol as described (17) . Severely (10 rads) and mildly (2 rads) irradiated thymuses were used as positive and negative controls, respectively.
For morphometric analysis, microscopic images were digitized and the amount of media and neointima was quantified by using the IMAGE-PRO PLUS software (Media Cybernetics, Silver Spring, MD) as described (8) . Areas are expressed as m 2 per section. The area occupied by macrophages was quantified as percentage of the intimal area with positive MOMA-2 staining. Presence of apoptosis and expression of Ki-67 were assessed at ϫ400 magnification by determining the percentage of neointimal cells with positive nuclear reactivity (brown staining).
Plasma Lipid Analysis. Plasma total cholesterol levels were measured in venous blood samples by an enzymatic immunoassay (Boehringer Mannheim) at the time of treatment-group randomization and the time of death.
Platelet Aggregation Studies. To confirm that ASA treatment exerted systemic effects on platelet function, aggregation studies were performed on platelets freshly isolated from apoEϪ͞Ϫ mice from the WD alone and WD ϩ ASA groups. Blood was collected in citrate by retroorbital bleeding (500 l) and plateletrich plasma was obtained by centrifugation (800 rpm, 6 min). Because ASA inhibits platelet aggregation by inhibiting cyclooxygenase (COX), the prostaglandin precursor arachidonic acid (final concentration, 0.5 mM) was used to stimulate aggregation. Reagents and aggregometer were purchased from Chrono-Log (Havertown, PA) and used as described in the manufacturer's protocol.
Statistical Analysis. Numerical data are reported as means Ϯ SEM. P values of Ͻ 0.05 were considered significant. One-and two-way ANOVA, Bonferroni's test for multiple comparisons, and unpaired t testing were performed as appropriate, by using the GRAPHPAD PRIZM software package (GraphPad, San Diego, CA). For one-way ANOVA, the factor under consideration was treatment group; for two-way, factors were treatment group and genotype. All data initially were analyzed for the effect of gender; because there were no significant differences, final analyses include pooled data from males and females.
Results
Plasma Cholesterol Levels. For each genotype, mean plasma cholesterol levels were comparable among the treatment groups at the time of randomization (data not shown). Levels at the time of death are summarized in Fig. 1 . There was a significant difference between mean levels of WT and apoEϪ͞Ϫ mice (P Ͻ 0.0001; two-way ANOVA), but no significant differences related to the treatments (P Ͼ 0.05).
Histomorphometric Changes. Four weeks after injury, neointimal formation was apparent in femoral arteries from both WT and apoEϪ͞Ϫ mice (Fig. 2) . Summaries of the morphometric parameters related to the media and intima and their statistical analyses are given in Fig. 3 and Table 1 . For both genotypes, sulindac treatment had a major effect on the amount of neointima formed compared with the two other treatment groups. This was most evident in sulindac-treated apoEϪ͞Ϫ mice (Fig.  2) , in which the neointima [expressed as either the intimal area or the intima-to-media (I͞M) ratio] was only Ϸ30% of that formed in the WD or WD ϩ ASA groups (Table 1; Fig. 3 ).
Statistical testing of the intimal area and I͞M ratio data disclosed a highly significant (P Ͻ 0.0001) treatment effect, but also showed statistically significant differences related to genotype, i.e., whether a mouse was WT or apoEϪ͞Ϫ (P Ͻ 0.001). Compared with WT, apoEϪ͞Ϫ mice also had a significant increase in the medial area (P Ͻ 0.0001), independent of treatment ( Table 1) .
To further analyze differences related to treatment, statistical comparisons were performed separately for WT and apoEϪ͞Ϫ mice. Results of these analyses were identical: for either genotype, the WD ϩ sulindac group had significantly lower mean values for intimal area (P Ͻ 0.01) and I͞M ratio (P Ͻ 0.001) compared with the corresponding values in the WD or WD ϩ ASA groups. In contrast, for either genotype, compared with treatment with the WD alone, ASA had no significant effects on either intimal area or the I͞M ratio (Table 1; Fig. 3 ). Interestingly, although I͞M ratios for the WD (1.96 Ϯ 0.2) and WD ϩ ASA (2.04 Ϯ 0.3) groups of apoEϪ͞Ϫ mice were higher than the corresponding values in the groups of WT mice (1. Systemic Effects of ASA. A number of explanations for the lack of effect of ASA on neointimal formation were considered. Hypolipidemia or toxic effects were excluded based on the results for plasma cholesterol levels ( Fig. 1 ) and weight gain (Materials and Methods), respectively. To test whether a dose of ASA adequate to be effective systemically had been given, platelet aggregation studies were performed on blood obtained from apoEϪ͞Ϫ mice fed the WD or WD ϩ ASA for 1 week (i.e., length of treatment before injury). Fig. 4 shows assays from representative samples. Note that in the mouse given the ASA-containing diet, platelet aggregation was completely suppressed, demonstrating that the dose of ASA was adequate to produce systemic effects. These results suggest that sulindac exerts effects, perhaps related to its specificity or potency, that are not common to all NSAID.
Effects of Sulindac on Macrophage Content, Cellular Proliferation, and
Apoptosis. Based on immunostaining for the macrophage marker, MOMA-2, lesions from apoEϪ͞Ϫ mice on WD alone [and WD ϩ ASA (not shown)] contained macrophages, but lesions from WT mice on WD alone did not (Fig. 5) . Note the location of macrophages in the neointima from the apoEϪ͞Ϫ mouse (Fig. 5 Middle) is not periluminal, but near the internal elastic lamina, which may reflect macrophage infiltration and adhesion shortly after endothelial denudation and before migration of SMC toward the lumen. For both WT and apoEϪ͞Ϫ mice in either the WD or WD ϩ ASA group, analysis of the SMC marker, ␣-actin, revealed SMC throughout the neointima and media (data not shown).
In contrast to the results for apoEϪ͞Ϫ mice in the WD group, there was a remarkable absence of MOMA-2 immunostaining in lesions from apoEϪ͞Ϫ mice treated with sulindac (Fig. 5 Bottom). Of five arteries examined, staining for MOMA-2 was found only at a trace level in the lesion of a single mouse (Fig.  5 Bottom) . The quantitative analysis of the percentage of intimal area stained for MOMA-2 revealed that for apoEϪ͞Ϫ mice (n ϭ 8) on WD alone, the average value was 8.4 Ϯ 2.9, significantly different (P Ͻ 0.01) from the value of 0.02 Ϯ 0.02 in lesions from apoEϪ͞Ϫ mice (n ϭ 5) in the WD ϩ sulindac group. Consistent with the paucity of macrophages in the lesions of sulindac-treated apoEϪ͞Ϫ mice was the absence of cholesterol ''clefts'' (reflecting lipid accumulation associated with foam cell formation). In contrast, clefts are present in macrophagecontaining lesions from apoEϪ͞Ϫ mice not treated with sulindac (e.g., note lucent foci [clefts] intermingled with immunostained area in the section shown in Fig. 5 Middle, and compare with the appearance of the section in the Bottom. Lucent foci also are apparent in Fig. 2 B and D) .
Given the marked reduction in neointimal formation associated with sulindac treatment, cell proliferation and apoptosis were assessed in the intimal lesions from apoEϪ͞Ϫ mice in the WD and WD ϩ sulindac groups. There were no significant differences in either the percentage of cells stained for Ki-67 (WD, 1.1 Ϯ 0.5%; WD ϩ sulindac, 1.7 Ϯ 0.6%; P Ͼ 0.05), or positive for terminal deoxynucleotidyltransferase-mediated UTP end labeling (1.0 Ϯ 0.5% vs. 1.2 Ϯ 1%; P Ͼ 0.05).
Discussion
Restenosis resulting from neointimal formation after angioplasty and related procedures remains a major clinical problem in the management of coronary artery disease (18, 19) . Major limitations of previous animal models used to study restenosis have included their relatively large size or the inability to study effects of hypercholesterolemia (e.g., refs. [20] [21] [22] . To overcome these limitations, we recently established a reproducible femoral 3 . Effects of genotype and drug treatments on the I͞M ratios of lesions from injured mouse femoral arteries. Four weeks after injury, femoral arterial sections were taken for morphometric analysis and the intimal and medial areas were determined. The ratio of these areas (I͞M ratio) was calculated for each section. The means Ϯ SEM (n ϭ 9 -14 for each group) are displayed.
arterial injury model in mice that results in pathology similar to that observed in clinical restenosis (8) . By using both WT and apoEϪ͞Ϫ mice, we were able to determine the separate effects of hyperlipidemia and drug treatment on neointimal formation after arterial injury.
There were two major findings in the present study. First, mice in the WD and WD ϩ ASA groups had more than 2-fold increases in neointimal formation associated with hyperlipidemia. This is clinically relevant because the majority of patients undergoing vascular interventions have hyperlipidemia (4, 9) . The quantitative difference was associated with qualitative changes in the lesions; intimal lesions from the hyperlipidemic apoEϪ͞Ϫ mice were loosely arranged (perhaps indicating more extracellular matrix, ref. 22) , and contained abundant macrophages (based on immunostaining) and cholesterol clefts adjacent to the media. SMCs were primarily periluminal, although also present deeper into the lesion. In contrast, lesions in WT mice were essentially devoid of macrophages and contained SMCs throughout.
The second major finding was that sulindac treatment resulted in a marked decrease (up to 70%) in neointimal formation after injury in both apoEϪ͞Ϫ and WT mice. Therefore, sulindac treatment had marked efficacy in both hyperlipidemic and normolipidemic settings, limiting the I͞M ratio to less than 0.7 in both genotypes. In addition to the quantitative changes, sulindac treatment abolished macrophage infiltration and cholesterol deposition in the neointima of apoEϪ͞Ϫ mice, despite extremely elevated plasma cholesterol levels. Notably, the other NSAID, ASA, had neither the quantitative nor the qualitative effects of sulindac, despite plasma levels sufficient to exert systemic effects, as demonstrated by inhibition of platelet aggregation. These results suggest that sulindac has specific effects on macrophage-related processes. This is especially intriguing because macrophage infiltration appears to be a crucial determinant of restenosis in humans. For example, in atherectomy specimens obtained after balloon angioplasty, the degree of infiltration of macrophages was a strong predictor of clinical restenosis and subsequent cardiovascular events (23) .
Effects of sulindac on macrophages directly (e.g., by its known ability to inhibit NF-B activation, ref. 24) or indirectly (e.g., by possibly inhibiting chemoattractant or adhesion molecule expression by SMCs and endothelial cells) would, therefore, be expected to have a substantial impact on the response to arterial injury. Evidence from the present study supports the modulation of macrophage-related processes by sulindac. As noted, in apoEϪ͞Ϫ mice having comparable levels of hyperlipidemia (a factor well known to promote macrophage infiltration and prolong their retention in the arterial wall, ref.
3), macrophages and cholesterol deposits were absent in lesions of sulindactreated mice and abundant in the nonsulindac treated. Because monocyte͞macrophage cells secrete factors that can stimulate SMC proliferation and migration, if sulindac limited their interactions with or within the injured arterial wall, SMC ''activation'' could have been impaired. Based on the location of the macrophages (near the internal elastic lamina, Fig. 5 ) and the similar I͞M ratios in sulindac-treated WT and apoEϪ͞Ϫ mice, macrophage interactions inducing neointimal formation probably occurred early after injury. Such interactions, which appear to be transient in the normolipidemic setting (8) , could be prolonged in hyperlipidemia, leading to stronger activation of SMC and increased neointimal formation, consistent with our observations. WT or apoEϪ/Ϫ mice maintained on chow diets were divided into three treatment groups 1 week before arterial injury: WD, WD ϩ ASA (ASA in the one-way ANOVA summary), or WD ϩ sulindac (SUL in the one-way ANOVA summary). Four weeks after injury, sections of the femoral artery were taken for morphometric analysis. The values under Morphometric data are mean areas (m 2 per lesion section) Ϯ SEM, or for the I/M ratio, the mean Ϯ SEM of the intimal area divided by the medial area. Two-way ANOVA was used to determine statistically significant effects of genotype and treatment group status on the indicated dependent variables. For each genotype, one-way ANOVA with Bonferroni's Multiple Comparison Test was used to compare means among the treatment groups (one-way ANOVA). NS, not significant (P Ͼ 0.05).
Sulindac may have decreased intimal lesions by several other mechanisms. One possibility is COX inhibition. Sulindac has two major metabolites, a sulfide and a sulfone (25) . Only the sulfide inhibits COX activity, and of the two isoforms, COX-1 and COX-2, the former is more affected. Because ASA, a nonselective COX inhibitor, was ineffective in limiting neointimal formation, inhibition of eicosanoid synthesis by blocking COX catalytic activity is unlikely to be the basis for the efficacy of sulindac in the present study.
Given the prominent role of SMC in neointimal formation (3, 26) , another possibility is that sulindac inhibited proliferation and promoted apoptosis of these cells in the vessel wall, as it has been shown to do in certain types of cells in culture (27) (28) (29) and in vivo (7, 30 ). An attractive feature of this potential mechanism is that these effects can be independent of COX activity (27, 31) , consistent with the ineffectiveness of ASA. Sulindac treatment, however, did not affect results of our assays for proliferation or apoptosis, although this may have been caused by sampling at 4 weeks after injury, by which time the rapid cell-mass expansion is typically over (26) .
Still other potential molecular mechanisms for the effects of sulindac on neointimal proliferation may involve its ability to inhibit DNA binding of the peroxisome proliferator-activated receptor-delta transcription factor (32), cGMP-dependent phosphodiesterase-5 activity, † † and Ras signaling (34) , or to increase the intracellular formation of ceramide, a known inducer of apoptosis (35) .
Because the pathogenesis of neointimal formation after arterial injury depends heavily on the turnover of SMC, possible effects of sulindac on cell proliferation and apoptosis have been emphasized. This does not preclude other effects on SMC. For example, sulindac or its metabolites may inhibit the migration of SMC, their elaboration of extracellular matrix (consistent with the denser cellularity of the lesions from apoEϪ͞Ϫ mice treated with sulindac compared with those receiving WD ϩ ASA or WD alone (Figs. 2 and 5 ), or their expression of adhesion molecules. Sulindac also may affect other cell types in the vessel wall. (The macrophage as a target was discussed above.) Endothelial cells may be a target of sulindac, because NSAID have been shown to interfere with the effects of angiogenic factors on tube formation in cultures of these cells (36) . Effects on endothelial cells could be important because of the crucial role of these cells in arterial remodeling, known to involve molecular ''crosstalk'' between endothelium and SMC (37) , and the reports that treatment with vascular endothelial growth factor may limit neointimal formation (19) .
The clinical relevance of our findings is supported by the following considerations. We used a dose of sulindac that is significantly lower than the maximum nontoxic dose for rodents (14, 15) . Compared with a typical clinical dose (Ϸ6 mg͞kg per day) for arthritis treatment or chemoprevention in familial adenomatous polyposis, the mouse dose is significantly higher (Ϸ25 mg͞kg mouse); however, the expected plasma level in the mouse (38) is less than twice that of humans (33) . Thus, very high plasma levels of sulindac may not be required for clinical efficacy † † Piazza, G., Li, H., Liu, L., Sperl, G., Pamukcu, R., Thompson in restenosis. In addition, potential for toxicity may be limited because of the short-term treatment, in contrast to the chronic administration for other disorders.
In summary, our results demonstrate that hyperlipidemia has a major inf luence on neointimal formation after arterial injury in mice. Sulindac, which has proven therapeutic effects in patients with familial adenomatous polyposis, significantly reduced neointimal formation after injury in both hyperlipidemic and normolipidemic mice. Another NSAID, ASA, was ineffective, despite achieving levels sufficient to produce inhibitory effects on platelet aggregation. We therefore postulate that sulindac may have specific and beneficial effects on the arterial wall that may make it a useful clinical agent for the prevention of vascular restenosis after angioplasty and related procedures.
